Halo Pressure Profile through the Skew Cross-Power Spectrum of
  Sunyaev-Zel'dovich Effect and CMB Lensing in $\textit{Planck}$ by Timmons, Nicholas et al.
ar
X
iv
:1
70
7.
02
29
8v
1 
 [a
str
o-
ph
.C
O]
  7
 Ju
l 2
01
7
Draft version October 16, 2018
Preprint typeset using LATEX style emulateapj v. 12/16/11
HALO PRESSURE PROFILE THROUGH THE SKEW CROSS-POWER SPECTRUM OF
SUNYAEV-ZEL’DOVICH EFFECT AND CMB LENSING IN PLANCK
Nicholas Timmons1, Asantha Cooray1, Chang Feng1, Brian Keating2
1Department of Physics and Astronomy, University of California, Irvine, CA 92697 and
2Department of Physics, University of California, San Diego, La Jolla, CA 92093
Draft version October 16, 2018
ABSTRACT
We measure the Cosmic Microwave Background (CMB) skewness power spectrum in Planck, using
frequency maps of the HFI instrument and the Sunyaev-Zel’dovich (SZ) component map. The two-to-
one skewness power spectrum measures the cross-correlation between CMB lensing and the thermal SZ
effect. We also directly measure the same cross-correlation using Planck CMB lensing map and the SZ
map and compare it to the cross-correlation derived from the skewness power spectrum. We model fit
the SZ power spectrum and CMB lensing-SZ cross power spectrum via the skewness power spectrum
to constrain the gas pressure profile of dark matter halos. The gas pressure profile is compared to
existing measurements in the literature including a direct estimate based on the stacking of SZ clusters
in Planck.
Keywords: cosmology: observations
1. INTRODUCTION
The importance of the Planck mission
(Planck Collaboration et al. 2011) to cosmology
can not be overstated. The measurement of cos-
mic microwave background (CMB) anisotropies has
allowed for increased accuracy in measurements of
cosmological parameters. Going beyond primary
anisotropies Planck frequency maps can be used to
probe higher order correlations that arise from sec-
ondary effects like the Sunyaev-Zel’dovich (SZ) effect
(Sunyaev & Zeldovich 1980), integrated Sachs-Wolfe
effect (ISW) (Sachs & Wolfe 1967) and gravitational
lensing (Smith et al. 2007) among others.
The SZ effect is the result of inverse Compton scat-
tering of photons off free electrons. The SZ effect on the
cosmic microwave background radiation (CMB) is the re-
sult of gas being heated from the pressure inside galaxy
clusters. Measurement of the SZ effect is a key tracer of
the hot electron gas in the intra-cluster medium (ICM).
Due to its unique frequency spectrum relative to CMB
black-body the thermal SZ effect can be separated in
multi-frequency CMB maps (Cooray et al. 2000). Grav-
itational lensing of the CMB is caused by the intervening
mass distribution and is a tracer of the line of sight pro-
jected dark matter potential. The integrated lensing map
can be extracted from a quadratic (Okamoto & Hu 2003)
and likelihood (Hirata et al. 2008) estimators on CMB.
A non-zero correlation between the lensing effect and the
SZ effect establishes the relationship between dark mat-
ter and hot intra-cluster gas (Hill & Spergel 2014). This
is an excellent probe of the large scale distribution of gas.
Several studies have attempted to look at this correlation
(Cooray et al. 2000; Hill & Spergel 2014) including one
using the WMAP data (Calabrese et al. 2010). Here we
update the previous work by incorporating data from
Planck.
The cross-correlation between CMB lensing and ther-
mal SZ results in a non-Gaussian signal at the three-point
level of the correlation function (Spergel & Goldberg
1999; Cooray et al. 2000). While challenging to mea-
sure directly the bispectrum can be collapsed into a sum
of two-point functions in what is known as the skew-
ness power spectrum involving a squared temperature-
temperature correlation. As has been shown in previ-
ous work (Cooray 2001; Munshi et al. 2011) the skew-
ness spectrum, related to the CMB-CMB lensing-SZ bis-
pectrum, can be probed through the cross-correlation of
a temperature squared map and a map of the SZ ef-
fect. This skewness spectrum contains all the informa-
tion from the bispectrum once the estimator is appropri-
ately weighted. The three point correlation function us-
ing only the CMB is an independent look at the lensing-
SZ cross-correlation.
The amplitude of the non-Gaussian signals arising from
the SZ effect can help constrain physical properties of
the large scale structure of the Universe. Specifically,
we consider here the gas pressure profile within galaxy
clusters as a function of radius from the dark matter halo.
Having a three point correlation between the lensing and
SZ effect can constrain parameters in the pressure profile
model to reveal new physics regarding the relationship
between dark matter and gas pressure.
The gas pressure profile of galaxy clusters
and its relation to the SZ effect has been stud-
ied by several groups including Arnaud et al.
(2010) and Planck Collaboration et al. (2013). In
Planck Collaboration et al. (2013) the reconstructed SZ
map was used to study the pressure of 62 massive clus-
ters. By stacking radial profiles, the gas pressure profile
was measured and the best fit parameters were found
to be [P0, c500, α, β, γ] = [6.41, 1.81, 1.33, 4.13, 0.31].
Where P0, c500, α, β and γ are the central pressure,
concentration, central slope, intermediate slope and
outer slope of dark matter halos, respectively. It
was found that at large radii the pressure profile was
flatter than simulations would predict. In Arnaud et al.
(2010), simulations and observations of 33 clusters
from XMM-Newton are used to create a generalized
Navarro-Frenk-White (NFW) (Navarro et al. 1996)
profile for gas pressure and the resulting parameters are
2[P0, c500, α, β, γ] = [8.40, 1.18, 1.05, 5.49, 0.308]. While
Arnaud et al. (2010) combined observation and simula-
tion there remains tension between the two approaches.
The CMB bispectrum measurement can be a comple-
mentary way to constrain the gas pressure parameters
and provide observational evidence for understanding
the tension between simulation and observation.
The paper is organized as follows: in the next section
we discuss the skewness estimator and its derivation. In
section 3 we review the data analysis preformed. In sec-
tion 4 the results of the analysis are presented. In sec-
tion 5 the MCMC analysis is discussed along with the
results and their cosmological implications. Section 6
is a summary of the findings and suggestions for future
work. Throughout we make use of the standard flat-
ΛCDM cosmological model with H0= 70 km s
−1 Mpc−1
and ΩΛ=0.73.
2. ESTIMATOR
The derivation of the bispectrum and the skewness
spectrum are discussed at length in several papers in-
cluding Cooray (2001) and more recently Munshi et al.
(2011). Here the authors cover the key points for this
analysis and refer the reader to the previous work for
a more detailed discussion. The angular bispectrum
BTTyℓ1ℓ2ℓ3 is defined as a triangle with sides (ℓ1,ℓ2,ℓ3) in
multipole space where T (n)T (n) and y(n) are statisti-
cally isotropic fields. With T representing a temperature
map and y representing the SZ y-component map. The
bispectrum is related to the multipole moments of the
fields by:
BTTyℓ1ℓ2ℓ3 =
∑
m1m2m3
(
ℓ1 ℓ2 ℓ3
m1 m2 m2
)
〈aTℓ1m1a
T
ℓ2m2a
y
ℓ3m3
〉
(1)
The skewness power spectrum is the correlation of the
product map T (n)T (n) and y(n). This is useful because
the angular bispectrum BTTyℓ1ℓ2ℓ3 can be difficult to mea-
sure fully. The skewness spectrum CTT,yℓ is a summation
of the triangular configurations keeping one of the sides
length ℓ fixed. Following the discussion in Cooray 2001;
Munshi et al. 2011; Calabrese et al. 2010 the bispectrum
can be described by:
BTTyℓ1ℓ2ℓ3 =−[C
φy
ℓ Cℓ1
ℓ2(ℓ2 + 1)− ℓ1(ℓ1 + 1)− ℓ3(ℓ3 + 1)
2
+perms.]
√
(2ℓ1 + 1)(2ℓ2 + 1)(2ℓ3 + 1)
4π
(
ℓ1 ℓ2 ℓ3
0 0 0
)
(2)
Here Cφyℓ is the amplitude of the cross-correlation
power spectrum between the lensing potential and the y-
parameter map and Cℓ1 is the unlensed CMB anisotropy
power spectrum. Only the permutations in which ℓ1 and
ℓ2 vary are used since ℓ3 remains tied to the secondary
anisotropy and is fixed to relate to the skewness spec-
trum.
From Munshi et al. 2011; Calabrese et al. 2010 the op-
timized skewness estimator begins with defining a set of
nine weighted temperature maps:
X1ℓm =
aℓm
C˜ℓ
Cℓ;Y
1
ℓm = ℓ(ℓ+ 1)
aℓm
C˜ℓ
;Z1ℓm =
aℓm
C˜ℓ
Cφyℓ
X2ℓm = −ℓ(ℓ+ 1)
aℓm
C˜ℓ
Cℓ;Y
2
ℓm =
aℓm
C˜ℓ
;Z2ℓm =
aℓm
C˜ℓ
Cφyℓ
X3ℓm =
aℓm
C˜ℓ
Cℓ;Y
3
ℓm =
aℓm
C˜ℓ
;Z3ℓm = −ℓ(ℓ+ 1)
aℓm
C˜ℓ
Cφyℓ
(3)
Where C˜ℓ = Cℓ+Nℓ/b
2
ℓ is the temperature power spec-
trum, bℓ is the beam transfer function and Nℓ is the noise
power spectrum. The nine weighted maps are generated
by T (i)(n) =
∑
Yℓm(n)T
(i)
ℓm where i is the index of the
weighted map from above. The optimized skew spectrum
is defined as:
CXY,Zℓ =
1
2ℓ+ 1
∑
i
∑
m
Real[(X(i)(n)Y(i)(n))ℓmZ
(i)(n)ℓm]
(4)
The measured skewness spectrum CˆTT,yℓ now can be
related to the bispectrum as shown in Cooray 2001;
Munshi et al. 2011 as:
CˆXY,Zℓ =
1
2ℓ+ 1
∑
ℓ1ℓ2
Bˆℓℓ1ℓ2Bℓℓ1ℓ2
C˜ℓC˜ℓ1C˜ℓ2
(5)
Here Bˆℓℓ1ℓ2 is the reduced bispectrum, meaning it has
been weighted as the maps have in the derivation of
CTT,yℓ and the calculation only includes the permuta-
tions in which ℓ3 is fixed. The range of ℓ is 2 < ℓ < 1600.
Now the measured skewness spectrum CˆTT,yℓ can be
related to the theoretical CTT,yℓ . The theory C
TT,y
ℓ is
calculated analytically by plugging the bispectrum for-
mulation in Equation 2 into Equation 5. Up to this point
the amplitude of the lensing SZ cross-correlationCφyℓ has
been taken to be unity. While the measured spectrum
contains one factor of Cφyℓ and one factor of Cˆ
φy
ℓ , the the-
ory spectrum contains two factors of Cφyℓ . The ratio of
the measured and theoretical spectra gives the measured
lensing SZ cross-correlation Cˆφyℓ .
3. DATA ANALYSIS
For the purposes of this analysis the Planck PR2-2015
all sky maps were used. Specifically the 100 GHz, 143G
Hz and 217 GHz temperature maps were used as well
as the MILCA full mission y-map component foreground
map. The data were reduced using custom python scripts
within the HEALPY1 (Go´rski et al. 2005) code frame-
work. Briefly, the temperature maps were masked using a
combination of Galactic foreground mask and the Planck
released point source map. The 60% foreground mask in
conjunction with a point source mask was utilized in or-
der to mask out any contamination by the Milky Way
galaxy and bright sources. The monopole signal as well
as the dipole signal were modeled using HEALPY and
removed before measuring the power spectrum.
1 http://healpix.sourceforge.net
3In order to measure the noise Nℓ for the temperature
maps 100 Planck released simulated noise maps were
passed through the analysis pipeline and the resulting
median power spectrum was determined to be the noise
contribution to the measured power spectrum. The CMB
anisotropy power spectrum Cℓ was generated using the
CAMB (Lewis 2013) code, the result of which was in
agreement with the measured CMB power spectrum re-
leased by the Planck team. To model the noise in the
y-map, the half difference of the first and last maps were
used.
To measure the direct cross-correlation between lensing
and tSZ (Spergel & Goldberg 1999), the Planck released
lensing map was similarly masked before being cross cor-
related with the component y-map to measure Cφyℓ . To
measure the dust contamination the Planck released dust
map was used and subtracted from the temperature maps
before being run through the data pipeline.
4. RESULTS
In the top portion of Figure 1 we show the resulting
skewness power spectra from the different frequencies
with error bars from the simulated noise maps as well
as cosmic variance. While there is a similar signal in the
100 and 143 GHz spectra the 217 GHz spectrum shows
a deficiency in the SZ effect which is frequency depen-
dent. Also plotted are the contribution of the dust and
SZ effect on the temperature maps. The dust was sub-
tracted from the temperature map and then the results
were passed through the data pipeline which is displayed
as the dashed line in the figure. The SZ map was also
subtracted from the temperature maps and the result is
plotted as a solid line. Neither the dust nor the SZ maps
had a statistically important effect on the results in the
143 GHz and 217 GHz spectra but the 100 GHz map had
a significant amount of signal removed by subtracting out
the SZ map before the final measurement.
The results of the data pipeline null test are shown in
the bottom portion of Figure 1. The upper part shows
the result when passing a simple Gaussian map with
simulated noise through the pipeline. The bottom part
shows the result when using a map made up of the dif-
ference between two half-maps. For comparison, the 100
GHz spectrum is plotted. If there is no systematic contri-
bution to the signal in the data pipeline both the Gaus-
sian and half-map spectra should be consistent with zero.
While the error is large in the half-map spectrum, both
results show that the signal in the 100 GHz spectrum is
not coming from systematics and is non-vanishing.
The contributions from various error estimates are
plotted in the top portion Figure 2. In the figure the 100
GHz skewness spectrum is plotted and is representative
of the other frequencies. To estimate the error contribu-
tion from the temperature maps, 100 Planck simulated
noise maps at each frequency were passed through the
data pipeline. The standard deviation of the resulting
power spectra became the error estimate. The dominate
source of error is from the simulated temperature noise
maps while the noise contribution from the y-parameter
map is not as significant. The contribution from cosmic
variance is not significant. At high ℓ all of the noise con-
tributions become significant with the temperature map
noise rising above the signal. The bottom portion of
Figure 2 contains a histogram plot of the skew spectrum
Figure 1. top: The measured skewness spectrum for each of the
three frequencies. 100 GHz, 143GHz and 217 GHz from top to
bottom respectively. The contributions of the dust signal and the
SZ signal in the temperature maps are plotted as well. The dashed
line is the resulting spectrum after subtracting the Planck dust map
from the temperature map. The solid line is the resulting spectrum
after having subtracted the frequency corrected y-map from the
temperature map. bottom: The result of passing a Gaussian map
with noise through the estimator and the result of passing the
half-map difference through the estimator. For comparison, the
100 GHz skewness spectrum is plotted. Both results are consistent
with a null result as would be expected.
value at ℓ = 1000 for the 100 GHz simulated noise maps
is shown. The noise contribution is almost Gaussian as
expected over 100 simulated maps.
5. MCMC AND MODEL INTERPRETATION
Figure 3 shows the measured three point lensing
convergence-SZ cross-correlation power spectrum Cκyℓ
and the measured two point y-parameter auto power
spectrum Cyyℓ . From the Monte Carlo Markov Chain
(MCMC) procedure, we obtain the best fit models for
each case and have plotted the result. The measured
lensing-SZ cross-correlation comes from the resulting
skewness power spectra which has been averaged over
the three frequency bands with error added in quadra-
ture. Also shown is the two point lensing-SZ cross corre-
lation measured in Hill & Spergel (2014). The two point
y-parameter auto power spectrum is measured by tak-
ing the auto-spectrum of the Planck y-parameter map.
4Figure 2. top: The component contributions to the total error.
The 100 GHz spectrum is shown as an example which is represen-
tative of all three frequencies. bottom: A histogram of the variance
in the signal of the simulated noise. 100 simulated maps were put
through the same estimator as the data and the value at ℓ = 1000
is plotted here.
The points from Hill & Spergel (2014) are again shown
for comparison.
The best fit model for the gas pressure from the
three-point correlation is shown in Figure 4 along with
the 1σ confidence region. For comparison gas pres-
sure profiles from Planck and XMM-Newton are shown
(Planck Collaboration et al. 2013; Arnaud et al. 2010).
We follow the gas pressure model in Komatsu et al.
(2011), i.e.,
Pe(r)=1.65h
2
70E
8/3(z)[
M500
3× 1014M⊙/h70
]2/3+αP
× P˜ (x) [eV/cm3]. (6)
Here E(z) = H(z)/H0, h70 = h/0.7 and αP = 0.12.
We determine the radius r500 from the relation M500 =
4π/3[500ρc(z)]r
3
500. In this equation, ρc(z) is the critical
density and x = r/r500.
The radial part of the pressure P˜ (x) in Equation 6 is
parametrized as
P˜ (x) =
P0
(c500x)γ [1 + (c500x)α](β−γ)/α
, (7)
Figure 3. The best fit models the cross power spectrum Cκy
ℓ
and
auto power spectrum Cyy
ℓ
are plotted in red. They are compared to
the measured cross power spectrum from the skew spectrum anal-
ysis as well as the auto power spectrum of the Planck y-parameter
maps. The results from Hill & Spergel (2014) are shown as a com-
parison, being the direct two point lensing-SZ cross correlation and
the y-map auto spectrum from the generated maps therein.
Figure 4. The best fit model of the gas pressure Pe(r) including
the 1σ confidence region shown by the shaded region. For compar-
ison the pressure profiles measured in Planck Collaboration et al.
5which is different from the well-known NFW dark matter
halo profile because the gas is a biased tracer of DM. The
gas pressure profile is fully determined by the parameter
set {P0, c500, α, β, γ}.
We use the halo model (Cooray & Sheth 2002) to
predict the theoretical power spectra Cyyℓ and C
κy
ℓ
following the calculations of 1-halo and 2-halo terms
(Planck Collaboration et al. 2014; Hill & Spergel 2014;
Battaglia et al. 2015). We then compare the theoreti-
cal power spectra to the measured ones, sampling the
gas pressure profiles and generating posterior distribu-
tion functions from the following likelihood
− 2 lnL =
∑
i=κy,yy
∑
b
[Cobs,(i)b − Cˆ(i)b
∆b
]2
+ const. (8)
6. DISCUSSION
As demonstrated, the three-point measurement from
the skew spectrum is in agreement with the two-point
direct measurement from the literature. It serves as an
independent check on the work done before and can be
used to constrain physical properties like the gas pressure
profile. The non-zero result confirms the correlation be-
tween dark matter CMB lensing and the hot ICM traced
by the thermal SZ effect.
Using only the CMB, the gas pressure profile is ex-
amined as a separate check on the work done by ob-
serving clusters directly or by simulation. The resulting
gas pressure profile from the MCMC procedure is de-
fined by the parameters {P0, c500, α, β, γ} are {5.6
+2.2
−2.2,
2.0+0.5
−0.5, 1.4
+0.4
−0.4, 3.3
+0.7
−0.4, 0.4
+0.1
−0.2}. These parameters are
in agreement with the literature in which observations
and simulations are conducted to measure the profile. It
should be noted that the work done here assumed a z =
0 and will hopefully be able to be compared to high z
clusters in future work in order to better understand the
evolution of the gas pressure profile.
Interestingly, the parameter β = 3.3+0.7
−0.4 in
this work is comparatively overestimated, in
(Planck Collaboration et al. 2013) β = 4.13 and in
(Arnaud et al. 2010) β = 5.49. The parameter β is
the outer slope of the pressure profile and the lower
value corresponds to a greater thermal pressure at large
radius. More than 50% of the thermal SZ signal comes
from R > R500 and should be sensitive to the power
spectrum measured herein (Ramos-Ceja et al. 2015).
As can be seen in Figure 4 the pressure profile from
this work along with Planck and XMM-Newton are in
agreement besides the divergence at large R. As a check
the two point correlation was also modeled for the pres-
sure profile and found to not vary significantly from the
three-point model.
7. SUMMARY
The CMB skewness power spectrum was measured us-
ing the correlation between Planck frequency maps and
Planck Sunyaev-Zel’dovich (SZ) component maps. We
also measure the lensing-thermal SZ cross-correlation
power spectrum using the three-point correlation func-
tion (bispectrum) and compare it to the two-point cor-
relation direct measurements from Planck all sky maps.
The Markov Chain Monte Carlo (MCMC) procedure
is utilized in order to find the best fit lensing cross-
correlation power spectrum as well as the best fit y-
parameter auto-spectrum. The best fit and uncertainty
values for the gas pressure parameters are found to be
{P0, c500, α, β, γ} are {5.6
+2.2
−2.2, 2.0
+0.5
−0.5, 1.4
+0.4
−0.4, 3.3
+0.7
−0.4,
0.4+0.1
−0.2} Where P0, c500, α, β and γ are the central pres-
sure, concentration, central slope, intermediate slope and
outer slope respectively. The parameters are found to be
in agreement with literature.
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